Introduction
============

In recent years, there has been greater interest in the role of arterial stiffness in the development of cardiovascular disease (CVD). Several patient- and population-based cohort studies have proved a strong relationship between augmented arterial stiffness and increased risk of CVD, such as stroke, myocardial infarction, and heart failure.[@b1-cia-11-1175]--[@b5-cia-11-1175] By means of pulse-wave velocity (PWV) measurement, arterial stiffness can be assessed noninvasively. With a large amount of epidemiological evidence, the velocity of carotid--femoral PWV (cf-PWV) seems to be very important in prognosis, requires little technical expertise, and is considered to be the gold standard for assessing central arterial stiffness.[@b5-cia-11-1175]--[@b7-cia-11-1175]

CVD is one of the leading causes of morbidity and mortality in patients with chronic kidney disease (CKD). Patients with CKD are more likely to die from CVD than progress to end-stage renal disease (ESRD), let alone patients who have already progressed to ESRD or dialysis.[@b8-cia-11-1175] In addition to traditional CV risk factors, including advanced age, diabetes, hypertension, dyslipidemia, and smoking, large-vessel arterial stiffness, which is a common issue in CKD, is considered another newfound mechanism accounting for the increased risk of CVD in CKD.[@b9-cia-11-1175] Several studies have demonstrated that increased arterial stiffness is a strong and independent predictor of mainly CV and all-cause mortality in patients with ESRD.[@b10-cia-11-1175]--[@b13-cia-11-1175] These population-specific studies focused much of their attention on advanced stages of CKD. However, after adjusting for other traditional CV risk factors, even mild impairment of renal function (estimated glomerular filtration rate \[eGFR\] \<90 mL/min/1.73 m^2^) becomes an independent CV risk factor.[@b14-cia-11-1175] Therefore, a new problem arises: Is arterial stiffness predictive in individuals with mild renal impairment?

We hypothesize that arterial stiffness is an independent predictive factor of CVD, which is replaced by major adverse CV events (MACEs) as major end points in individuals with mildly impaired renal function. Therefore, the present study investigated the predictive value of arterial stiffness (cf-PWV) on CVD (MACEs) by studying the association between levels of cf-PWV at baseline and the incidence of MACEs during the follow-up period in a large, community-based, longitudinal sample grouped by renal function (eGFR) from Beijing, People's Republic of China.

Materials and methods
=====================

Study population
----------------

This community-based cohort study was carried out in the Pingguoyuan area of Shijingshan district, Beijing, People's Republic of China. Subjects with severe systemic diseases, including severe liver, renal, endocrine, metabolic (except for diabetes mellitus, DM), and neoplastic diseases, collagenosis, inflammation, heart failure, and a history of ischemic heart disease were excluded. In total, 1,680 participants (age ≥18 years) were initially eligible for the study after a routine health checkup between September 2007 and January 2009.

This community-based population was followed prospectively, and the second visit for these participants was conducted from February 1 to September 30, 2013. During the second visit, all participants came to the community medical center and received a questionnaire survey. The median follow-up was 4.8 years. During this period, 181 participants were excluded from the study on account of failure to follow-up. Finally, integrated data were obtained from 1,499 participants, and the rate of follow-up was 89.2%. The study protocol was approved by the Ethics Committee of the People's Liberation Army (PLA) General Hospital (Beijing, People's Republic of China), and each participant provided informed written consent.

Questionnaire and anthropometric measurements
---------------------------------------------

Information that included lifestyle factors, prevalent diseases, family history, and medication use was collected with standardized self-reporting questionnaires, which were carried out by a face-to-face counseling method. Trained physicians from the Department of Geriatric Cardiology at the PLA General Hospital completed this investigation. Height and weight were measured by a wall-mounted measuring tape and a digital scale, respectively. Systolic blood pressure (SBP) and diastolic BP (DBP) were measured on the right arm twice in a sitting position after 5 minutes of rest. The average measurements of SBP and DBP were calculated for further analysis.

Biomarker-variable determination
--------------------------------

Blood samples of participants were collected from 8 am to 10 am after 12 hours of fasting. These samples were preserved at 4°C for 2 hours at most, before being centrifuged at 1,200 *g* for 15 minutes. Before the assays were performed, plasma aliquots were frozen at −80°C. Concentrations of fasting blood glucose, triglyceride, total cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol were detected by using Roche enzymatic assays (Roche Diagnostics GmbH, Mannheim, Germany) on a Roche autoanalyzer. Concentrations of plasma creatinine were detected by using an enzymatic assay (Roche) on a Hitachi 7600 autoanalyzer (Hitachi, Tokyo, Japan). All blood samples were analyzed in the same laboratory, following the criteria of the World Health Organization lipid reference laboratories.

Assessment of arterial stiffness
--------------------------------

Measurement of arterial stiffness was conducted in a quiet environment in the morning at a stable temperature. All participants were asked to avoid alcohol, smoking, and caffeine for at least 12 hours before measurement. After resting in the supine position for 5 minutes, arterial stiffness was measured by automatic cf-PWV measurement using a Complior SP device (Créatech SAS, Besançon, France), which achieves online recording of PW and automatic calculating of PWV. Two TY-306 Fukuda pressure-sensitive transducers (Fukuda Denshi Co Ltd, Tokyo, Japan) were used: one transducer over the common carotid artery at the bottom of the neck, and the other transducer over the femoral artery. We collected PWs of both the carotid artery and the femoral artery simultaneously at two different sites, and repeated at least ten independent and complete cardiac cycles. The average value was calculated for the final analysis. PWV was calculated from the measurement of the pulse-transit time and the distance traveled by the pulse between the two recording sites (measured on the surface of the body in meters), and on the basis of the formula: $$\text{cf-PWV}\left( {m/s} \right) = \frac{\text{Distance}\left( m \right)}{\text{Transit~time}\left( s \right)}$$

Definition of variables
-----------------------

Hypertension was defined as 1) SBP ≥140 mmHg, 2) DBP ≥90 mmHg, and/or 3) the use of antihypertensive medication. Smoking status was defined as smoking one or more cigarettes per day for at least 1 year. Body mass index was defined as weight in kilograms divided by height in meters squared (kg/m^2^). Renal function was evaluated by eGFR. eGFR was calculated using the following Chronic Kidney Disease Epidemiology Collaboration equation: $$\text{GFR} = 141 \times \min\left( {\text{Scr}/\kappa,1} \right)^{\alpha} \times \max\left( {\text{Scr}/\kappa,1} \right)^{- 1.209} \times 0.993^{\text{Age}} \times 1.018\left( \text{if~female} \right) \times 1.159\left( \text{if~black} \right)$$where Scr is plasma creatinine (mg/dL), κ is 0.7 for females and 0.9 for males, α is −0.329 for females and −0.411 for males, min indicates the minimum of Scr/κ or 1, and max indicates the maximum of Scr/κ or 1.

End points
----------

The major end points assessed were MACEs. In our study, MACEs included cardiocerebrovascular death (including both CV death and cerebrovascular death), nonfatal myocardial infarction, and stroke (including both ischemic and hemorrhagic stroke). Death was ascertained from legal death records.[@b15-cia-11-1175]

Statistical analyses
--------------------

Results are expressed as numbers and percentages for dichotomous variables and mean ± standard deviation or median (interquartile range) for continuous variables. The continuous variables were tested for normality before being tested, and were normalized by natural logarithm transformation as necessary. All analyses were performed at a median follow-up interval of 4.8 years.

We chose 90 mL/min/1.73 m^2^ as a cutoff point for eGFR, and 30 mL/min/1.73 m^2^ as a lower cutoff point for renal function, in order to exclude severe renal dysfunctions. In our study population, subjects with severe liver and renal diseases had already been excluded at the very beginning, and thus the renal function of all participants was above the lower cutoff point. Participants were classified into two groups: a normal renal function group and an impaired renal function group. Then, we chose 12 m/s as a cutoff point for cf-PWV, in accordance with the upper third of cf-PWV reported by Blacher et al.[@b11-cia-11-1175] cf-PWV ≥12 m/s is considered elevated and \<12 m/s is considered normal. Finally, according to eGFR and cf-PWV levels, participants were classified into four groups: group 1 (eGFR ≥90 mL/min/1.73 m^2^, cf-PWV \<12 m/s; n=744), group 2 (eGFR ≥90 mL/min/1.73 m^2^, cf-PWV ≥12 m/s; n=230), group 3 (eGFR \<90 mL/min/1.73 m^2^, cf-PWV \<12 m/s; n=256), and group 4 (eGFR \<90 mL/min/1.73 m^2^, cf-PWV ≥12 m/s; n=242). Statistical comparison of these groups was analyzed by Student's *t*-test (continuous variables) or *χ*^2^ test (dichotomous variables).

A multivariate Cox proportional-hazard regression model was used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) to estimate the relative risks of the incidence of MACEs. Regression models were adjusted for age and sex as independent variables (model 1), and additionally adjusted for body mass index, SBP, DBP, fasting blood glucose, triglyceride, total cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol as independent variables (model 2). All analyses were conducted using SPSS software for Windows, version 13.0 (SPSS, Chicago, IL, USA). *P*-values \<0.05 were considered statistically significant.

Results
=======

Baseline clinical characteristics of participants
-------------------------------------------------

A total of 1,499 participants were included in the analysis. There were 630 males (42%) and 869 females (58%). The baseline mean age was 61.4 years. There were 99 participants who had MACEs during the 4.8-year follow-up. The distribution of the different MACEs in each group is shown in [Table 1](#t1-cia-11-1175){ref-type="table"}. Demographic characteristics, CV risk factors, and related laboratory test results in each group are also shown in [Table 1](#t1-cia-11-1175){ref-type="table"}.

Association of baseline cf-PWV and eGFR levels with MACEs
---------------------------------------------------------

In normal renal function groups, the incidence of MACEs significantly increased from 2.69% in group 1 to 9.57% in group 2. Baseline cf-PWV was associated with the occurrence of MACEs (HR 1.862, 95% CI 1.054--3.287; *P*=0.032) in the unadjusted model, but the association disappeared when the models were additionally adjusted for age, sex, BP, plasma lipids, and other traditional risk factors (HR 1.398, 95% CI 0.748--2.613; *P*=0.293) (model 2 in [Table 2](#t2-cia-11-1175){ref-type="table"}). Furthermore, the association remained insignificant after adjustment for stroke (HR 0.453, 95% CI 0.017--11.867; *P*=0.635) (model 3 in [Table 2](#t2-cia-11-1175){ref-type="table"}).

In the impaired renal function groups, the incidence of MACEs significantly increased from 8.2% in group 3 to 14.88% in group 4. A higher baseline cf-PWV level was associated with a higher risk of MACEs after adjustment for age, sex, BP, plasma lipids, and other traditional risk factors. Although the risk ratio was reduced after adjustment, the participants in group 4 still had a significantly higher risk of MACEs (HR 2.334, 95% CI 1.082--5.036; *P*=0.031) compared to group 3 (model 2 in [Table 3](#t3-cia-11-1175){ref-type="table"}). Furthermore, after adjustment for stroke, the risk ratio was still higher in group 4 (HR 2.4, 95% CI 1.106--5.208; *P*=0.027) (model 3 in [Table 3](#t3-cia-11-1175){ref-type="table"}).

Discussion
==========

In the current longitudinal study, we observed that after adjusting for age and sex, as well as other traditional CV risk factors, cf-PWV ≥12 m/s had a higher predictive value on MACEs in individuals with eGFR \<90 mL/min/1.73 m^2^, compared with cf-PWV \<12 m/s. Furthermore, we also found that the risk of MACEs did not increase with incremental cf-PWV, according to adjusted models in individuals with eGFR ≥90 mL/min/1.73 m^2^.

PWV measurement offers a simple and noninvasive assessment of regional arterial stiffness. Intermittent ventricular ejection can lead to oscillatory changes in BP, and a very important function of the aorta and large arteries is to buffer these changes. The high distensibility of the arterial system helps most tissues avoid peak systolic pressures and receive near-steady flow. Impairment of distensibility makes the aorta and large arteries become rigid and unable to buffer the oscillatory changes caused by intermittent ventricular ejection, which results in elevated systolic pressure. Therefore, important organs, including the heart, brain, and kidneys, suffer greatly from higher systolic pressures and greater-pressure oscillatory changes as arterial stiffness increases, leading to myocardial hypertrophy and fibrosis, renal impairment, microvascular damage, and an increased risk of MACEs.[@b16-cia-11-1175]--[@b19-cia-11-1175] Taken together, PWV measurements are fit for large-scale studies, and several studies[@b20-cia-11-1175]--[@b22-cia-11-1175] have already demonstrated the predictive ability of arterial stiffness on the risk of MACEs.

However, many new questions appear as more results become available. One of these concerns the fact that although a common conception based on the results of individual studies proved that arterial stiffness has an important predictive role, these studies involved different populations. We would like to know more clearly whether arterial stiffness exerts a different predictive ability in populations with different characteristics and estimated baseline CV risks.[@b23-cia-11-1175]

A meta-analysis of 17 longitudinal studies performed by Vlachopoulos et al found that arterial stiffness offered higher predictive ability in individuals with a higher baseline CV risk.[@b23-cia-11-1175] Among all the CV risk factors, as previous studies have shown, CKD leads to an elevated risk of CV, with an inverse graded relationship with eGFR \<60 mL/min/1.73 m^2^, independently of other traditional CV risk factors.[@b24-cia-11-1175]--[@b26-cia-11-1175] However, most attention has been focused on the predictive ability of arterial stiffness in patients with ESRD or even requiring dialysis.[@b27-cia-11-1175]--[@b29-cia-11-1175]

Moreover, current guidelines accept eGFR \<60 mL/min/1.73 m^2^ as a cutoff point for an increased risk of CKD complications. Individuals with eGFR between 60 and 89 mL/min/1.73 m^2^ are not considered to have CKD unless there is also a marker of renal impairment, eg, proteinuria.[@b24-cia-11-1175]--[@b26-cia-11-1175] Therefore, the key issue we investigated in the current work was whether arterial stiffness is predictive in individuals with mildly impaired renal function.

In our present community-based cohort study, we chose 90 mL/min/1.73 m^2^ as the cutoff point for eGFR, and found that cf-PWV ≥12 m/s was a moderate predictor of MACEs in individuals with eGFR \<90 mL/min/1.73 m^2^ (HR 2.334, 95% CI 1.082--5.036; *P*=0.031). This result suggests that arterial stiffness is predictive even in individuals with mildly impaired renal function, and not just in individuals with ESRD or on dialysis. This predictive ability remains after adjustment for other established traditional CV risk factors.

Understanding the association between increased arterial stiffness, mild renal impairment, and the risk of MACEs is vital to guide preventive strategies for screening and treatment.[@b14-cia-11-1175] Although CV risk in ESRD is extreme, the public health burden of CV disease caused by early stage CKD is much greater.[@b30-cia-11-1175]--[@b32-cia-11-1175] Improvement in arterial stiffness might be helpful for a better prognosis in individuals with slightly reduced renal function, and our results highlight the role of arterial stiffness as a potential therapeutic target in individuals with mildly impaired renal function.

Another interesting finding of our study was that in individuals with eGFR ≥90 mL/min/1.73 m^2^, the risk of MACEs did not increase with incremental cf-PWV according to adjusted models (HR 1.398, 95% CI 0.748--2.613; *P*=0.293). That is to say, the predictive value of arterial stiffness was limited in individuals with normal renal function. There may be many explanations for this result. Subclinical impairment might not have been observed or evaluated with the insufficient follow-up period, and thus the predictive value of increased arterial stiffness might have been affected to some extent.

Study strengths
---------------

To the best of our knowledge, the present investigation is the first study evaluating the association between arterial stiffness and MACEs in individuals with mild impaired renal function; therefore, it differs from those studies that focused on the predictive value of arterial stiffness on CVD only in advanced CKD. As such, active monitoring and treatment of arterial stiffness would be required to reduce the risk of MACEs in certain individuals.

Study limitations
-----------------

The limitations of this study should also be taken into account. First, the present study was carried out only among the Chinese from a community in Beijing. Therefore, these results may not represent the Chinese population from other areas of the People's Republic of China and might not be applicable to other ethnic groups. Second, although the results were adjusted for multiple covariates, other residual confounding factors may remain.

Conclusion
==========

The present community-based prospective study clearly demonstrated that arterial stiffness is a moderate and independent predictive factor for MACEs in individuals with mildly impaired renal function (eGFR \<90 mL/min/1.73 m^2^). Furthermore, in individuals with normal renal function (eGFR ≥90 mL/min/1.73 m^2^), the risk of MACEs does not increase with arterial stiffening.
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###### 

Baseline characteristics of subjects according to renal function and arterial stiffness

  Variable                                 eGFR ≥90 (mL/min/1.73 m^2^)   eGFR\<90 (mL/min/1.73 m^2^)   *P*-value                       
  ---------------------------------------- ----------------------------- ----------------------------- --------------- --------------- ---------
  Age (years)                              51.66±7.436                   59.31±8.193                   61.49±10.346    69.62±6.869     \<0.001
  Women, n (%)                             497 (66.8)                    124 (53.91)                   127 (49.6)      121 (50)        \<0.001
  BMI (kg/m^2^)                            25.436±3.311                  25.436±3.35                   25.553±3.544    25.391±3.167    0.924
  SBP (mmHg)                               123.62±15.928                 132.7±15.471                  128.09±17.318   137.55±18.117   \<0.001
  DBP (mmHg)                               77.58±10.016                  78.64±9.059                   76.9±10.102     75.82±10.621    0.026
  TC (mmol/L)                              4.982±0.9                     4.973±0.906                   5.094±0.842     5.059±0.931     0.237
  TG (mmol/L)                              1.773±0.215                   1.938±0.283                   1.722±0.183     1.903±0.327     0.105
  HDL-C (mmol/L)                           1.417±0.357                   1.34±0.378                    1.408±0.372     1.328±0.348     0.001
  LDL-C (mmol/L)                           2.86±0.715                    2.907±0.716                   2.926±0.674     3.01±0.746      0.025
  FBG (mmol/L)                             5.401±1.706                   5.856±1.164                   5.138±1.116     5.502±1.751     \<0.001
  eGFR (mL/min/1.73 m^2^)                  105.201±5.924                 102.848±5.572                 84.11±10.511    81.876±11.697   \<0.001
  cf-PWV (m/s)                             9.567±1.271                   13.31±1.204                   9.921±1.503     14.739±2.739    \<0.001
  MACEs, n (%)                             20 (2.69)                     22 (9.57)                     21 (8.2)        36 (14.88)      \<0.001
  Cardiocerebrovascular death, n (%)       2 (0.269)                     3 (1.304)                     7 (2.734)       13 (5.372)      \<0.001
  New-onset myocardial infarction, n (%)   3 (0.403)                     3 (1.304)                     1 (0.39)        4 (1.653)       \<0.001
  New-onset stroke, n (%)                  15 (2.016)                    16 (6.957)                    13 (5.078)      19 (7.851)      \<0.001
  Ischemic stroke                          14 (1.882)                    13 (5.652)                    11 (4.297)      16 (6.612)      \<0.001
  Hemorrhagic stroke                       1 (0.134)                     3 (1.304)                     2 (0.781)       3 (1.24)        \<0.001
  All-cause deaths, n (%)                  9 (1.21)                      10 (4.35)                     12 (4.69)       21 (8.68)       \<0.001

**Note:** Continuous variables expressed as mean ± standard deviation or median (interquartile range).

**Abbreviations:** BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; FBG, fasting blood glucose; eGFR, estimated glomerular filtration rate; cf-PWV, carotid--femoral pulse-wave velocity; MACEs, major adverse cardiovascular events.

###### 

Baseline arterial stiffness and incidence of MACEs over a 4.8-year follow-up in normal renal function

  Incidence of MACEs   Group 2 vs group 1      
  -------------------- ----------------------- -------
  Unadjusted           1.862 (1.054--3.287)    0.032
  Model 1              1.452 (0.801--2.634)    0.219
  Model 2              1.398 (0.748--2.613)    0.293
  Model 3              0.453 (0.017--11.867)   0.635

**Notes:** Data presented as HRs (per SD increase in cf-PWV level) and corresponding 95% CIs. Normal renal function: eGFR ≥90 mL/min/1.73 m^2^. In the Cox regression model, MACEs were treated as the dependent variable (MACEs vs non-MACEs). Model 1 adjusted for age and sex; model 2 adjusted for age, sex, BMI, SBP, DBP, TC, TG, HDL-C, LDL-C, and FBG; model 3 adjusted for age, sex, BMI, SBP, DBP, TC, TG, HDL-C, LDL-C, FBG, and stroke.

**Abbreviations:** HR, hazard ratio; CI, confidence interval; SD, standard deviation; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; FBG, fasting blood glucose; eGFR, estimated glomerular filtration rate; cf-PWV, carotid--femoral pulse-wave velocity; MACEs, major adverse cardiovascular events.

###### 

Baseline arterial stiffness and incidence of MACEs over a 4.8-year follow-up in mildly impaired renal function

  Incidence of MACEs   Group 4 vs group 3     
  -------------------- ---------------------- ---------
  Unadjusted           4.345 (2.307--8.182)   \<0.001
  Model 1              2.426 (1.204--4.886)   0.013
  Model 2              2.334 (1.082--5.036)   0.031
  Model 3              2.400 (1.106--5.208)   0.027

**Notes:** Data presented as HRs (per SD increase in cf-PWV level) and corresponding 95% CIs. Mildly impaired renal function: eGFR \<90 mL/min/1.73 m^2^. In the Cox regression model, MACEs were treated as the dependent variable (MACEs vs non-MACEs). Model 1 adjusted for age and sex; model 2 adjusted for age, sex, BMI, SBP, DBP, TC, TG, HDL-C, LDL-C, and FBG; model 3 adjusted for age, sex, BMI, SBP, DBP, TC, TG, HDL-C, LDL-C, FBG, and stroke.

**Abbreviations:** HR, hazard ratio; CI, confidence interval; SD, standard deviation; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; FBG, fasting blood glucose; eGFR, estimated glomerular filtration rate; cf-PWV, carotid--femoral pulse-wave velocity; MACEs, major adverse cardiovascular events.
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